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ABSTRACT OF THESIS 
 
 
 
 
LIMITATIONS OF WEFTLESS BEAD AND ITS COMPARISON WITH 
CABLE BEAD DESIGN FOR TIRES 
 
Weftless bead design used in tires has long been the cause of failure. This type of bead 
design is generally used in agriculture, buses, trucks and passenger car tires. The main 
problem with this kind of bead is the splice region. It has ten cut wires, five at each over 
and underlap region. It is known since 1950 that Weftless design of the tire bead had 
failures within about 5 cm from the end of the overlapping parallel wire ribbon. The 
cause for this failure is generally attributed to the mounting process in which the diameter 
of the tire bead is changed during the mounting process as it moves from the well of the 
rim to the bead seat. The ideal bead design is a high strength flexible cable with minimal 
cross section, having same over and under windings to prevent stress concentrations in 
deflections as used in a normal steel cable. A finite element model of the tire bead was 
developed using ANSYS and tested under the known stresses of the mounting and final 
use conditions. Finite element calculations show the failure point of the Weftless bead is 
almost always at the under lap or at the starting point of this bead. Cable bead have 
significant advantages in safety over the Weftless bead still used in tires.  
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CHAPTER 1 
INTRODUCTION 
1.1 HISTORY 
 One of the greatest inventions of man was wheel, which made life simple. As 
wheel made its journey through centuries, there was a need for smoother ride, 
which lead to the evolution of tires. Tires have gone through many stages of 
refinement since it was manufactured first time 100 years ago. In 1845, Robert 
William Thomson, a Scottish invented the first pneumatic tire, which was made of 
a rubber coated canvas tube covered by leather. In 19th century the main 
demand was for solid rubber tires. Generally this type of tire was used for 
bicycles and horse driven carts. Later John Dunlop in 1888 made a tire which 
had a tube and rim, between the spokes of wheel, but following a puncture this 
required removal from rim and rebuilding the outer casing. To encounter this 
problem of detachability of tire from rim, Charles Welch proposed placing a circle 
of wire (bead) into each edge of tire. With the advent of motor vehicles in 20th 
century, pneumatic tires were beginning to be used, but since then the demand 
for more durable, safe and reliable tire saw many changes in the design of tires, 
from single tube pneumatic tire to tubeless tire. There is a continuous need for 
improvement in design of tires to make them more reliable. 
                                              Tire is one of the most important safety related 
component in vehicle, used on road vehicles, tractors, aircrafts and on a variety 
of other vehicles. The automobile tire is a complex structure composed of several 
highly dissimilar materials that must function as a unit and cannot be made to 
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very high tolerances. Tire consists of tread, sidewall and bead. Tread is a thick 
pad of rubber, into which grooves are molded to form cleats and ridges which 
help in traction to move or stop vehicle and to prevent skidding and sliding when 
vehicle is in motion. Below tread region, tire has carcass, steel belts, plies which 
are made up of fabric, generally polyester, rayon or nylon, which is permeated 
with rubber. Bead is that part of pneumatic tire which fits and holds the tire 
securely onto the wheel rim. They are located along inner edge of tire and 
consist of a coil of high-tensile steel wire, treated to give good adhesion with 
rubber, and encased in a hoop of hard rubber. Tires do fail under static and 
dynamic conditions for a number of reasons which include complexity of tire 
design, manufacturing defects, lack of quality control, mounting procedures, 
construction handling and use conditions that often times lead to failure and 
severe accidents. A tire body, bead assembly, inner tube or liner and wheel 
assembly must function harmoniously, because vehicles ride and stop on a few 
square inches of rubber  and are an essential part of a  braking system, brakes 
stop  the wheels, tires stop the vehicle. These conditions impose a very high 
safety factor on tires and built in (design and manufacture) defects can result in 
dynamic failure of tires.  
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1.2 OBJECTIVE 
This thesis work revolves around the study of tire bead designs. In general bead 
designs used these days are weftless bead, single wire bead, cable bead. 
Among these, weftless bead, which is still being used by many tire manufacturing 
companies, is of main cause of concern because of its faulty design. Weftless 
bead failure is predominantly near the splice region. Emphasis has been placed 
to understand the discrepancies and to identify the causes of failure in weft less 
bead in the splice region. Benchmarking has been done in this regard by 
comparing the design of weft less bead with that of cable bead, which serves as 
standard in this case. A cable bead design is that of a continuous wire rope with 
same over and under windings to prevent stress concentrations in deflections. 
Stresses in cable beads are evenly distributed throughout the bead. Thus no high 
stress regions. Failure data of tire beads is being analyzed for checking the 
reliability of tire beads, so that tires could be turned into far more reliable 
components. 
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1.3 TIRES 
How tires are manufactured? 
The automobile tire is complicated structure made from flexible materials and 
cannot be made to high tolerances. As many as two hundred different raw 
materials combine into a unique mix of chemistry, physics, and engineering to 
give consumers the highest degree of comfort, performance, efficiency and 
reliability. The production process begins with selection of several types of rubber 
along with special oils, carbon black, pigments, antioxidants, silica, these various 
raw materials for each compound are formed into a homogenized batch of black 
material with consistency of gum. The mixing process is computer controlled to 
assure uniformity. These compounded materials are further processed into the 
sidewall, treads, or other parts of tire. The first component to go on the tire 
building machine is the inner liner, which is resistant to air and moisture 
penetration and takes the place of inner tube in case of tubeless tires. Then there 
are body plies and belts, which are often made from polyester, nylon, rayon and 
steel. Plies and belts give tire, strength while also providing flexibility. The belts 
are cut to the precise angle and size depending upon various performance 
characteristics. Cross section of tire is as shown in Figure: 1.1, where all 
components of tire can be seen, which are combined and work as a unit. This is 
a bias ply tire as it has plies running diagonally to the center line of tire. The 
radial tires have the sidewall cords in radial directions. The bead and belts are 
the same for both types. 
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                                Figure: 1.1-Tire cross-section [Andrew 4] 
Strands of steel wire, sometimes coated with bronze, fashioned into two hoops, 
are implanted into sidewall of the tires to form the bead. The tread and sidewalls 
are put into position over belt and body plies, and then all the parts are pressed 
firmly together. The end result is called green or uncured tire. The green tire is 
placed inside a mold and inflated to press it against the mold, forming the tread 
and the tire identification information on the sidewall. After this they are 
vulcanized, that is heated at pressure of about 400 PSI and at temperature of 
around 300 degree Fahrenheit for 12 or 15 minutes. Vulcanization is the process 
during which the green tire is treated with sulphur. The rubber becomes stronger 
and less sticky. Chemical changes occur in rubber at molecular level, and 
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molecules of various components are linked physically and chemically, to form 
an inseparable bond.  
 
Tires are basically of three types: 
1. Radial-Ply tire: these are constructed with fabric plies leading directly from 
bead-to-bead at perpendicular to the circumference. In this design of tires 
special plies of steel called belts are placed on top of the base plies for greater 
strength. It comprises two or sometimes three or four layers of inextensible cord, 
called breakers, laid at conflicting angles to the center line of tire. Radial ply tires 
are now the dominating tires in all application. Its main advantages as compared 
to Bias ply tire are higher cornering properties at relatively slow slip angles, 
greater tread mileage, and better wet grip. 
090
 
2. Bias-Ply tire: In this case of a bias-ply construction, the carcass is made up of 
two or more plies extending from bead-to-bead with the cords at high angles, 
running diagonally across the crown (35-40 degrees to the circumference and 
alternating in directions from ply to ply). The angle at which cords run depends 
upon the type of tire produced. For racing tires the angles are lower than 30 
degrees. This type is still widely used for truck tires because of their greater 
resistance to sidewall damage. Bias ply tires have greater comfort and quietness 
but lower cornering power and faster tread wear than radial tires. 
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3. Belted-Bias tire: This type of tire design is considered to be midway in 
construction between a bias-ply tire and a radial tire. A bias-belted tire is a bias-
ply tire with a pre-formed of fabric or steel belts placed around the circumference 
between the tread and the bias plies. The construction is similar to that of bias 
tires except that it has two or more additional belts under the tread to strengthen 
and stabilize the tread. 
 
1.4 BEAD  
What is a bead? [Burton 2] 
Bead is made of a high carbon tensile wire whose chief function is to hold the tire 
on the rim. Its history dates back to 1890 when Charles Kingston Welch, a 
Middlesex engineer, suggested the use of placing a circle of wire into each edge 
of tire, which fits onto the rim. The wired on car tires ran at low pressures of 30-
35 p s i. Tire bead is the connecting link between the road and vehicle, through 
which vehicle load is transferred from the tire to the rim. The inflation pressure is 
constantly trying to force the beads off the rim and operational stresses are 
created by bead resisting a constant pull. Bead–grommet together with other 
elements of the beaded edge forms a rigid, practically inextensible foundation 
supporting the tire load against the inflation pressure. The bead in turn transfers 
this load to the flange edges of the rim. Other stresses acting on bead are due to 
varying centrifugal forces, road irregularities, vehicle breaking, cornering and 
travel waves developing in the tires. Stresses also act on bead due to shape and 
type of rim like that of 5 and 15 degree taper rim and some rims also have humps 
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to prevent bead to move to center of rim. The bead humps act as point of extra 
stress on bead while mounting. Bead consists of bead wire, rubber insulation, 
fabric, wrapping and flipper strips. As in Figure 1.1, the cord fabric extends from 
bead to bead and is tied into bead. The plies placed on the inside of the bead 
and turned up are called turn-up plies and the plies brought down over the 
outside of the bead and turned down are called turn-down plies. Different bead 
designs have been used, over the period of the last century, but generally these 
designs are frequently used: 
 
1. Single wire continuous bead: This bead design consists of a single wire   
and there is single wire at the beginning and end point, overlapped about 
1 inch. The wire which is coated with rubber is wrapped around and 
around in a loose spiral path to form a stranded, ring-shaped bead 
grommet of required strength. These beads are expensive to produce but 
resulting component is smaller and more efficient and used in highly 
stressed tires such as those used in racing. [11] These are produced by 
fully automatic, single wire bead systems machine of Bartell’s machine 
series. The single wire bead systems machine consists of multiple wire let-
offs, an insulating subsystem to coat the wire, an optional festoon, and a 
precision control winding station to accurately position each wire to a 
perfectly shaped hexagon bead. 
 
                                                                                                                                       8 
 
 
2. Weft less bead: Weft less bead design was introduced in 1924. In this 
design of bead the several parallel steel wires each 0.037 inches in 
diameter, are coated with rubber compound and wound around a 
cylindrical mandrel of precise design circumference, to form flat tape 
containing a number of wires, depending upon the strength required. Thus 
a five wire weft less strip making four convolutions to form 5 by 4 beads is 
formed as shown in Figure: 1.2. The ends of wire group may be simply 
overlapped by a few inches and fasten to each other by cohesion of the 
rubber. This type of bead is generally used for passenger-car, bus, truck 
and agriculture farm tires. Weft less bead-grommets are made by feeding 
multiple wires parallel into a coating machine resulting in a wire ribbon. 
This ribbon goes immediately to a bead machine that forms it into ring-
shaped bead-grommets consisting of multiple layers of this ribbon of wires 
with defined ends of overlaying ribbons. For manufacturing of a 
satisfactory weftless bead, a straight, high-tensile wire which has no 
tendency to coil is required. The wires are held together only by rubber 
compound during manufacturing of this bead. If not straight the wires 
separate and make an imperfect bead-grommet.  
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                                         Figure: 1.2-Weftless bead  
 
3. Cable bead: This type of design of bead was originated from Charles S. 
Scott, of Cadiz, Ohio with flat wire braid design, which he formed in 1905. 
This design was more suitable for mounting on a single piece rim because 
of its limitless flexibility and the tensile characteristics of the braid. Its size 
and strength could be varied by varying number of wires. In 1916 a tubular 
braid was developed by John R.Gammeter. In this the tubular braid was 
greater in length and was provided with a core of unvulcanized hard 
rubber of lesser length. Ends of the tubular wire fabric were telescoped, 
until the ends of the rubber core came together. Rubber was applied to 
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outside of the braid; over this a fabric cover was placed. This assembly 
was then vulcanized in a mold to give it a triangular cross section. In 1918, 
B. F. Goodrich, introduced a welded cable bead-grommet. The cable was 
formed by spiraling six wires around a single wire forming the core. The 
cable ends were welded together, the joint buffed or grounded to remove 
excess material and the resulting ring being put on a bulldozer (expanding 
machine) and stretched to exact size. This stretching operation produce 
very solid bar effect on cable, resulting in a relatively rigid bead. Further 
advancement of this bead was done by A. C. Pratt in 1919 when he made 
Pratt cable, named after him. It composed of seven wraps of a single wire, 
one forming the core and six being positioned spirally around it. The main 
outstanding feature of this type was that both ends of the wire were inside 
the spiral winding, and there was no welding, brazing, or soldering 
involved. The wire ends were so firmly held by the outer strands that they 
could not slip or come loose. This construction had as much as 50 percent 
greater strength than other bead grommet constructions. The cable ring 
was made on a bead-grommet winding machine which included a ring 
winder machine carrying a spool of wire, and an annular form on which the 
wire was fed, the wire passing through a die, having a spiral passage to 
give it a permanent spiral form. The first turn of wire, forming the core of 
the bead-grommet, was made with the ring winder stationary, so that the 
wire issued from the die without twisting as long as wire was kept turning 
on its own axis. Then for succeeding six turns, the ring winder was 
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operated in the usual manner, the permanently spiraled wire being laid 
about one twist in 8
52  inches. The final end of the wire was inserted 
between two outer strands and forced into position butted against the first 
end. The cable ring is then removed from the winder and placed on an 
expanding machine (bulldozer). This machine applies an outward radial 
force well below the elastic limit of the wire but sufficient to expand the 
ring to exact size and shape, remove any kinks or irregularities in 
individual wires, equalize the wires with respect to tension. The resulting 
bead grommet had high tensile strength and virtually no stretch. High-
carbon steel was used for Pratt bead-grommet. 
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CHAPTER 2 
LOADS ACTING ON BEAD 
2.1 Stresses in a Tire Bead [Purdy 7] 
Bead stresses result from tire inflation pressure, contact with rim slope, driving or 
breaking torque, centrifugal forces and the various structural effects due to both 
the bead and rim configurations. Forces transmitted by the ply cords, which are 
wrapped around and secured to the bead-wire bundles, create most of the bead 
stress [Purdy, 7]. When tire is inflated to a pressure P the force acting on the 
elementary face  to create a hoop tension in the ring is y∆
                                yp ∆ρ2                                        (1)         [Purdy 7] 
                             
                                        Figure 1.3: cross section ABC of tire 
ρ  is the radius at elementary cross section ABC of which y∆ is one of the faces 
of the cross section ABC. mρ  Is the radial distance from the axis of rotation to the 
                                                                                                                                       13
 
 
point on the contour, where y value is maximum, and 0ρ  is the radial distance 
from the axis of rotation till neutral contour in tire cross section as shown in 
Figure: 1.3. To prevent the circumferential expansion of the free ring under 
pressure p on its  face the cords crossing the elementary cross section ABC, 
if N is the number of cords in the tire that cross the elementary surface . The 
number crossing per unit length of a circle of radius 
y∆
s∆
ρ is                           
πρ2
N
 and number crossing the ρ∆  surface is ⎟⎟
⎠
⎞
⎜⎜
⎝
⎛ ∆
απρ tan2
sN . If t is the tension in 
each cord, its component normal to the cross section ABC, of the ring is αcost  
and the total force component of cords crossing the ABC face of the ring is [7]  
                                                απρ
α
tan2
cos2 sNt ∆
                               (2) 
Equilibrium between (1) and (2) are sufficient to prevent the ring from being 
blown apart by inflation pressure p.  The tension in the cord is given by [7]: 
                                         
( )
φα
ρρπ
sinsin
22
m
N
pt −=                          (3)  
The component of cord tension tangent to the tire contour and in a radial plane is 
αsint  and its component in the plane of any great circle of radius ρ  
is φα cossint . This component of tension exerted by each cord of the tire 
results in a uniformly distributed force around a ring of radius ρ  such as steel 
ring (beads) to which plies of tire are anchored and which serves as a means of 
holding the tire on a wheel or rim.  If n is the number of tire cords per inch 
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counted normally to the cord path, then over one inch of circumference of the 
ring of radius ρ  there are αsinn  cords in each ply, so that for ν  plies we get                           
                                                               (4) [7] Ttn =φανρ cossin 2
Where T is the tension in the bead, putting the value of cord tension t in this we 
get: 
                        
( )( )
φ
φρρ
sin
cos
2
22
mpT −=                       (5) [7]   
total number of cords is given by απρν sin2=N , and 
expanding in terms of φcos  and φsin   we get the expression                                
( ) ( )
∫
∫
−−−
=
0 2
0 2
cot
cot2
22222
0
2
ρ
ρ
ρ
ρ
ρ
ρ
α
ρ
ρ
α
ρρρρ
d
d
mm
e
ep
T
        (6) [ Purdy 7] 
 this is the bead ring tension in a tire of any cord path. These equations of tire 
contour shape and curvature are for surface of equilibrium between the tension in 
its cords and the inflation pressure. Considering tire size to be P255/60R15, in 
which different parameters are: 
P = Passenger car tire. 
255 = Nominal section width in millimeters. 
60 = Nominal aspect ration (section height-to-width ratio). 
R = Radial construction. 
15 = Nominal rim diameter in inches. 
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From nominal section width in millimeters, the section width in inches, is denoted 
by SW=10.03 in. and from this, the value of section height is calculated and 
denoted by SH=6.02 inches. In equation (6) the values for various parameters 
are: 
 (If the section width of tires=10 in. and 50 p s i pressure acting it, so it 
becomes 500 and 250 acting on one side, and plus 20% for dynamic loading in 
tire). 
300=P
50.125.70.50 =+=ρ in. 
50.115.74 =+=mρ in. 
6.105.71.3 =+=ρ in. 
( ) ( )( ) ( ) ( )( )
0.2
6.105.115.1150.12300
222222 −−−
=T  
6.2014=T lbs 
Tension in bead is also calculated using Buckendale’s equation given by: 
0
222
0
00
22
0
cos2
))(sin(
αρρ
ραρρ
B
m
bead
KP
T
−
−
=  
Bρ = the perpendicular distance from the axis of rotation to the point on the 
neutral contour where the flexible structure joins the rigid structure. 
K = an experimental constant related to cord angle. 
Other parameters are same as defined above for Purdy’s equation. 
Putting the values in equation we get: 
( ) ( )( )( )( )
( ) 90cos5.750.122
50.1290sin5.1150.12300
222
22
−
−
=
KT  
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T =3600 K   (where value of K  is between 0.7 to 1) lbs 
                          
It is quite apparent that when, in the construction of tire, the edges of the several 
plies are anchored to an inextensible steel ring by folding them around the ring 
and extending the fold to a diameter larger than that of ring itself, a comparatively 
rigid structure is formed by the combination of steel anchor ring and plies of 
rubberized fabric. If this inflexible structure were placed with its neutral contour 
coinciding with the neutral contour of the flexible tire as in Figure: 1.4, the above 
equations (5) and (6) will define the tension in the bead.  
                               
          Figure: 1.4 –bead contour coinciding with neutral contour of flexible tire   
 Tension in the bead is seen to increase with increase in tire size, as larger tire 
require a greater number of plies and stronger cords or more cords per inch 
within each ply to maintain equivalent cord stress and there is direct transfer of 
cord tension into bead tension. This increase of stress is mainly due to two 
factors (1) the greater individual cord stress and (2) the cumulative effect of the 
proportionally greater number of cords attached to the larger diameter beads. In 
most tires the rigid structure of steel ring (bead) and surrounding rubberized cord 
material is shaped as in Figure: 1.5 and the neutral contour of flexible tire is not 
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coincident with that of bead. In this case the cord pull will be at A where flexible 
contour joins the rigid structure of bead. 
                             
                       Figure: 1.5-contours of tire and bead are not coincident 
 The force along AD will be   in this type, bead tends to turn the 
structure about an axis through some point near B. To take into effect the 
centrifugal force acting on tire bead we have to take into account its weight W, 
angular velocity 
φαυ cossin2tn
ω  or a linear velocity v  in feet per second. A hoop tension in tire 
is given by 
ρπg
Wv
2
2
 where ρ  is the radius to the center of gravity of the cross 
section from the axis of rotation. This hoop tension could also have been created 
by inflation pressure P acting on the cross-sectional areas of the tire in the radial 
plane and a projection on that plane area of the rim. If rim width is taken to be “a” 
and rim radius “b”. Then hoop tension due to centrifugal force is given by 
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 Is the area of cross section of the air cavity of tire. The equivalent 
pressure P that will result in the same ring tension as that caused by centrifugal 
force at velocity feet per second of a tire of weight W is given by: 
∫
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 This ∫
ρ
ρ
ρρπ
0
4
b
yd  is the volume of the air cavity of the tire. The tension 
due to the inflation is the principal tension acting on tire beads.  Centrifugal 
forces are not of major consideration as bead stress attributed to centrifugal force 
at 65 mph is approximately three percent of the total bead strength and the 
magnitude of centrifugal force increases as the square of the speed, and will 
become important when highway speeds increase. Driving or braking torque 
does not usually add a large tension force to the bead of vehicle tires on the 
highway. If L is tire load and µ the tractive coefficient, and  the loaded radius 
of the tire, each wire in the bead will have increment of tension given by 
r1
                                                ρ
µ
b
rL
2
1                                                 (9) 
Lateral thrust on tire will add up to the increment of tension to the bead, as 
shown in Figure: 1.6,                                                                                    
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                                       Figure: 1.6-lateral force acting on tire 
At point (1) in Figure: 1.6, two things occur to increase the tension,ρm  the radius 
to maximum sidewall width increases and φsin  decreases. Tension due to 
lateral force is not very large as tire is subjected to deflection and side thrust only 
on a limited segment. The pressure against the rim flange of a non-deflected tire 
is as shown in the Figure: 1.7, where bρ is the radius of the rim. 
 
                      Figure: 1.7-pressure of tire against the rim flange (F) 
⎟
⎠
⎞⎜
⎝
⎛ −= ρρπ 22 bmPF                                              (10) 
This force is required to keep the tire on the rim circumferentially near the bead 
region. The pressure against the projected area  is the tension at the ⎟
⎠
⎞⎜
⎝
⎛ − ρρπ 220 m
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crown of the tire, that is, tension in a contour wise direction atρ 0 . Generally a 
bead is forced onto a tapered rim; an increment of tension is placed in the bead 
which often is of considerable magnitude. If F is the force required to seat the 
bead on a rim whose taper angle is α  and the angle of friction isθ , then 
compressive force required between rim and bead base is distributed over the 
bead circumference.           
                                      
)tan( αθ +
=
FP                                               (11)      [7] 
The inflation stress has static effect, that is, it results in a continuous or ambient 
stress level. Another static factor is the stress due to the compression fit of the 
bead on the rim. The compression fit is a design requirements which serves 
three purposes: (1) it provides a firm foundation for the tire beads, thereby 
minimizing the movement of the bead base which could cause chafing that could 
result from the intersurface movement during deflection and rotation;(2) it 
provides air seal between the tubeless tire bead, rim base, and flange; and (3) it 
increases the side thrust necessary to dislodge the bead and deters slippage due 
to driving or braking torque. Dynamic stress effects on tire beads are also 
important, which generally include cyclic load effects. [Andrew, 4] Cyclic stress 
effects are mainly due to variation in tension of the cords in the road-contact 
region of a rolling tire. Additional stresses can be caused by the deflection of the 
sidewall resulting in bending forces about the rim flange. This effect has been 
included in the pressure acting on the bead by increasing pressure acting on 
bead by about 20%. In bias ply tires bias cords pass through the contact area 
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and traverse to either bead at a considerable circumferential distance from the 
contact region, the bead stress is affected over a much greater length than just in 
the road-contact zone. The cyclic stress for radial-belted tires is generally less as 
smaller circumferential portion of the bead is affected by the cord forces due to 
the much smaller angle subtended by the radial cords in the carcass plies. 
Determination of the permissible stress level for a particular tire design is usually 
based on the calculated values resulting from the inflation pressure alone. A 
design factor is usually applied to account for stresses arising from dynamic load, 
compression fit and centrifugal effects. As a general rule, the maximum bead 
strength is comparable to that of the carcass plies and since bead area is 
specifically designed for rim width and flange configuration, any deviation beyond 
a very limited range can adversely affect the stress relationships and could result 
in degradation of tire durability. 
            
     Figure: 1.8-broken bead cords with overlap joint wires protruding [Andrew 4] 
 
 
This analysis treats the bead as a single wire at constant radius. The 
shortcomings of this analysis is that no account is made for mounting stress 
acting on bead and this analysis just considers stress due to cord tension.  
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CHAPTER 3 
CAUSES OF BEAD FAILURE 
 
3.1 Common causes of bead failure 
1. Bead wire finishes: The finish of wire has important bearing on tire bead 
development as the adhesion between rubber and wire not only effects 
bead strength and stability but also influences the corrosion resistance of 
the wire.  The rubber compound can be considered as both paint and an 
adhesive. When rubber is used as paint it can prevent the moisture and 
other corrosive agents from reaching the wire. As an adhesive, the degree 
of adhesion obtained with the wire finish depends on chemical adhesion 
and mechanical adhesion. Different metals applied as finishes to steel 
wire have different effects on adhesion between the wire and rubber 
compound and have different degrees of corrosion resistance. Mechanical 
adhesion is required so that the rubber get hard grip on the wire. It should 
not come out of the rubber jacket. A bronze plated finish on wires provides 
improved rubber adhesion but no protection against rusting. If adhesion is 
good, the rubber prevents moisture from reaching the metal, if it’s poor; 
movement of the bead while tire is in use can cause separation and permit 
moisture to enter, which results in a rusty bead-grommet. Zinc as a wire 
coating (either hot-dipped or electroplated) gives excellent protection 
against corrosion, but rubber will not adhere to it. AP-1(Avery Process No. 
1.) finish on wire, which was devised by Edward L. Avery, is the coating of 
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zinc-copper on wire, which not only gives protection from corrosion (Zinc) 
but also provides adhesion (copper). [Burton, 2] Corrosion and vibration 
effect in tire beads which give rise to fatigue producing stresses is often 
attributed to poor adhesion, due to which the bond between bead wire and 
surrounding rubber is poor and wire may move or vibrate independently, 
resulting in separation between the metal and rubber as shown in Figure 
1.9. When adhesion is good, wire and rubber tend to behave as a unit, 
vibration is dampened, and moisture and other corrosive materials are 
kept out. Corrosion which breaks down the bond between rubber and wire 
can encourage vibration. Thus it is seen that the chemical action between 
ingredients of the rubber compound and the wire might cause corrosion 
which could be followed by less resistance to vibratory forces. 
 
    Figure: 1.9-bead failure due to poor adhesion of bead with rubber [Andrew 4] 
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2. Heat in Beads: As rubber is a bad conductor of heat and it builds up faster 
than it is dissipated. Heat is generated in tires by number of sources, such 
as over-loading, excessive speeds, a tire defect, repair, over and under 
inflation and over heated brakes. The energy transformed into heat at the 
brake drum is tremendous in the case of a heavy truck, bus or airplane. 
Because of the rapid deceleration of considerable mass from a high speed 
to zero speed, an airplane-wheel brake drum or disk may become red hot 
from the heat developed by it. Such heat generation is of tremendous 
importance to tire manufacturers because of the proximity of the beads. 
Heat in sufficient quantity may cause softening of the rubber in the bead 
structure. This can affect the adhesion between rubber and metal, and 
perhaps cause the bead-grommet to loosen throughout. Heat generation 
can cause fire, because of tread separation, in which heat generated 
between the tread and the tire body reaches the point of ignition of the 
materials in the tire. Some times after vehicle stops, air cooling of the tires 
ceases, and heat concentrates and builds up in the tire and is not carried 
off by the circulation of the ambient air. Oil and grease accumulation on 
brake and wheel assemblies from leaks sometimes are transformed to the 
sidewalls of tires providing fuel which can aid the propagation of fire. 
 
3. Bead Sizes:  A bead is important part of the tire and must be of right size 
in order to function harmoniously with other components. Beads of 
improper size can result from mix-up of bead grommet sizes during 
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manufacture. Bead grommet for a six ply tire is slightly larger than that for 
a four ply tire, because of the different thicknesses of fabric and rubber 
between wire and rim. If a four ply tire is built into six ply tire, the resulting 
bead will be too small and vice versa. A bead grommet which is too small 
will compress the fabric and rubber beneath it to such an extent that these 
materials will be displaced, the bead toe becoming thinned and extended. 
A smaller bead will also hinder mounting of the tire on the rim. It may 
result in bead damage or failure. When an oversized bead-grommet is 
built into a bead, forces applied during manufacturing operations may 
cause it to become wavy or kinked. There may be separation between 
turns of wire. Kinking often causes a corresponding distortion of nearby 
fabric and rubber. Thus a kink arched toward the sidewall may cause a 
thinning of the bead at that point, because fabric and rubber move into the 
space, under the bead-grommet, that should have been occupied by wire. 
If a tire having an oversized bead-grommet is put into service, the various 
stresses that travel around the bead tend to concentrate wherever there is 
a kink. Fatigue is more pronounced at that point and may result in the 
breaking of bead-grommet as shown in Figure 1.16. 
 
4. Bead failure due to mounting procedures: Bead design in general tires has 
been proved by mathematical theory and dynamic loads. The bead 
strength in relation to the tire and vehicle is adequate once the tire bead is 
seated properly on the rim. Many problems arise due to mechanics of 
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mounting the tire and the potential hazard involved in this mounting 
procedure thereby the bead can easily be stressed or broken. In order to 
retain tire on rim, the diameter of rim flange is greater than that of bead 
edge. Mounting is achieved by placing one side of the bead in well of the 
rim and working the balance over the rim edge until the entire bead is 
inside the rim edge, this is also called as “button-holing”. This is the only 
way in which enough tolerance is gained to slip the diametrically opposite 
areas of the bead over the outside rim flange. If this is not done, the 
interference fit between the bead diameter and the rim diameter is such 
that one of the two materials must yield, which is tire bead.  The design of 
the rim allows mounting and dismounting the tire and yet holding it on the 
rim when properly positioned and inflated. Failure to properly mount or 
dismount a tire over the proper rim edge can result in bead damage, 
kinking of bead wire, etc and are due to widespread causes like improper 
bead sizes, damage to beads, mis-alignment of beads in relation to rim 
seats during inflation, lack of lubricant on tire beads and rim during 
mounting procedures, application of excessive inflation pressure during 
bead seating. When the bead has been properly mounted on the narrow 
side of the rim with both beads having been placed at the drop center well, 
the problem with this is of moving the beads from the drop center well 
across the rim sleeves and onto the rim flange. Drop center wells are 
designed to permit as little friction to tire as possible. Most common 
among these is the failure to properly align tire beads with rim bead seat 
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ledges and applying inflation pressure while beads are “hung” on rim, 
which can result in pressure beyond a certain limit, causing bead failure. 
At this moment, there are two forces in action. One is high inflation 
pressure (equal to or more than 45 psi), other is moment of acceleration. 
As the freed bead is now traveling toward the flange, it literally moves in 
an arc because the shape of sidewall and internal pressure are attempting 
to force it into two directions and the resultant force is that of a missile 
trajectory. These forces become detrimental when the bead splice is there 
in the trapped bead portion, there is high probability that the bead will 
break when it finally does move toward the rim flange. The use of lubricant 
is necessitated in these conditions, which enables a tire bead to slide over 
rim sections and seat with relatively low inflation pressure. This has also 
been traced to contamination and rust on rim sections which prevent tire 
beads from seating with low inflation pressures. Rust on rims plus lack of 
lubricant and offset beads during tire inflation can be classed as a 
combination condition which can cause a tire to fail during mounting 
procedures. Tire beads contain many designs and diameters which vary 
somewhat, as well as there are differences in the compression 
characteristics of the bead covers, due to this some brands of tires mount 
easily while others resist seating. The degree of offset in beads in relation 
to rim also influences the resistance of beads to seating during inflation. 
Bead offset is the case when the bead wires in a hoop are not coinciding 
with the neutral axis of tire and hence there are marked differences in 
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compression characteristics of bead hoop. When careful positioning of the 
bead in relation to the rim is practiced and the tire dimension is correct, a 
bead can be seated with reasonable safety. Total force created by the 
pressure acting on the surface area of tire is psi times the area on which it 
is acting. For a tire having 1200 square inches of surface and having a 
pressure of 24 p s i acting on it, will have 28,800 pounds of force available 
to cause injury. An increase of pressure to 40 psi increases the available 
force to 48,000 pounds. If the tire is laid down on floor, and the break 
occurs on top bead, the action is not too violent as the force dissipated 
into the surrounding atmosphere. When the lower bead near the floor 
breaks, the force released acts on this floor causing the tire to accelerate 
up into the air. The failure of a tire to properly seat the bead-grommet 
during inflation can cause a release of this force which can result in 
personal injury by impact of the tire and rim assembly. Damage to tire 
bead grommet can also occur due to proper and improper use of tools for 
mounting and dismounting of tire as shown in Figures 1.8 and 1.10. The 
use of heavy crowbars, hammers, improper use of tire irons or machines 
to force beads over rim flanges, can cause bead damage. Prying or 
hammering force can cause a bead to be kinked or separated from the 
rubber and bead fabric. Tubeless tires are vulnerable to failure after some 
types of bead cover damage, due to the very nature of their tire 
construction. The function of a liner of a tubeless tire is to contain the air 
used to inflate the tire. A tear or fracture of the liner edge at the bead 
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assembly will sometime create a path for the air to enter the tire body and 
ply separation will start. With the bead cover area damaged, water could 
enter the tire at the damaged area, and travels around the bead, causing 
separation and corrosion. The sulphur in the rubber compound can react 
with water to form acid, which acts on the bead to cause its oxidation and 
failure.       
                      
               Figure: 1.10-bead distortion caused by misuse of tools [Andrew 4]  
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5. Under and Over inflation of tires: the effect of under inflation operation of 
tire depends on a multitude of factors, i.e., tire construction, cross section 
width, number of plies, tread depth, cord angles, bead grommet design, 
wheel load, rotation speed, vehicle path of travel, etc. Figure 1.13 shows 
the different tread shapes as result of different inflation pressure. Under 
inflation of tires can also lead to a phenomenon called “de-beading”, in 
which the tire suddenly comes out of the rim, as the tire bead is not able to 
grip the rim because of under inflation as shown in Figure: 1.12. Over 
inflation of tire can be classed as a weak tire as compared to the same tire 
properly inflated. Over inflation is a common cause of tire damage as it 
weakens the cord body of the tire by reducing its ability to absorb road 
shocks. Cords in over inflated tire are in greater tension than the same tire 
properly inflated as shown in Figure: 1.11. The increased tension in the 
cord makes the tire more vulnerable to impacts as compared to cords in a 
properly inflated tire, which have reserve to absorb impact energy by an 
increase in tension during impact. This puts strain on tire beads and rim 
that can cause tire failure. 
                     
                                  Figure: 1.11-over inflated tire [Andrew 4]  
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                                      Figure: 1.12-under inflated tire 
        
 
      Figure: 1.13-tread contact during different inflation pressure [Andrew 4] 
 
6. Improper tire size (tire rim mismatch): Major cause of tire bead failure is 
tire rim mismatch; tire must match the width and diameter requirements of 
the rim. This generally started with the introduction of 1/2 inch size rims 
(i.e.14.5”, 15.5”, 16.5”) which allowed, due to their design the mounting of 
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respectively, 14”, 15”, and 16” tires. Before the introduction of ½ inch size 
rims, the tire of one size will not fit the wheel rim of other size.  When 16.5 
inch tire is put on 16 inch rim, it may be possible to pass the tire over the 
lip or flange of rim, but the beads will not seat at all, or if they seat they will 
seat too high during the inflation process, which can lead to tire failure. If 
it’s vice versa, that is 16 inch tire on 16.5 inch rim, the beads will not seat 
during inflation process and if inflation pressure is increased, it will break 
with explosive force.  
 
7. “Hung” bead: Hung bead is common source of bead burst and it is the 
condition which has arisen while tire is being fitted on to the rim. While 
centering the tire on the rim and seating the bead on bead seat by 
increasing the inflation pressure, sometimes the bead wire splice is at the 
point of extra stress. This bead wire splice is in the center between the 
high and low portions of the bead wire. The low portion is that portion 
which hangs in the wheel well, allowing the opposite portion to rise high up 
on the flange. The part of bead mid-way between the high and low 
portions has to cross the edge of the well and this crossing provides the 
additional stress concentration, which together with the splice region 
results in a fracture at normal inflation pressure. Bead hang-up is as seen 
in Figure: 1.14, in which, the A and B are stress points, if splice happens 
to be there between points A and B, C becomes the point of extra stress 
due to which bead will break. 
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                        Figure: 1.14-bead hang-up [Andrew 4] 
The fractured ends of the broken bead will result in classical “cup and cone” of a 
tensile fracture. The tire with “hung” bead can cause the bead to become seated 
by the wheel load of a vehicle and flexing of tire, while  when tire travels over 
road irregularities with “hung” bead, the bead is forced into wheel well and can 
cause sudden deflation of tire. [Grogan, 1]  
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3.2 Mechanism of bead failure 
It can be proven that the strength of current weft less bead bundle is completely 
adequate to retain the tire to the rim and sustain the loads imposed upon tire to 
the current tire and rim specification. Problems are encountered while mounting 
the tire to the rim, since the problem with weft less bead design is the bead splice 
as seen in Figure 1.15 
                  
 
                     Figure: 1.15-weft less bead breakage at under lap region 
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Passenger car tire having normal inflation pressure of around 40 p s i, will not 
burst if seated properly, until an inflation pressure of around 150 p s i is reached. 
The weftless bead bundle in its hoop construction has factor of safety around 8, 
[Grogan1] which is more than required to carry the rated load and inflation 
pressure of the tire design. Each wire in the bead bundle has a breaking strain of 
about 300 lbs, and the load of vehicle is considered to be around 3000-5000 lbs. 
There are 20-25 wires in bead bundle and the breaking load for this comes out to 
be around 6000-7500 lbs. The load acting on bead wires at 40 p s i as compared 
to at 150 p s i comes around to be 1600 lbs, which is well within the safe limit. If 
this load is concentrated on a single wire, then this will result in catastrophic 
failure of bead. Each wire in bead bundle should be in its hoop shape and be 
supporting or reinforcing every other wire. Failure mode of bead is attributed to, 
with change in rotation and change in radii of bead wire. Load acting on the bead 
wires is uniform to all wires when bead is properly seated with a fixed bead 
radius, but during the mounting operation the bead bundle is distorted in order to 
button-hook it into rim. This changes the radius of the bead bundle. Secondly 
distortion can occur if the bead bundle is not centered to the rim during the initial 
inflation. When cable bead is used the over and under location of the twisted 
wires allow for the distortion of cable bead. The displacement of wires in cable is 
compensated by rubber in bead, which absorbs the relative twisted movement of 
wires to each other, which is about thousandth of an inch. It has same over and 
under windings and is not sensitive to changes in radii, when one side is 
compressed due to bending; it is compensated by being in tension on other side. 
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When there is a change in rotation of weftless bead bundle, the bead wires are 
distorted by being trapped in the drop center. The wires in the hoop do not 
reinforce one another and are separated, whereby few or even one wire will be 
carrying the load of the entire bead bundle. In order to compensate for distortion 
from the normal hoop configuration, wires cover a shorter distance than other 
wires. With weftless bead being radius sensitive, a change in radius will cause 
the wires to the inside diameter of the bead bundle to be stretched (tension) and 
wires at top of the bead bundle to be in compression. At this point the tensile 
strength of the wire is exceeded, breakage will occur, and the load is transferred 
to the next wire which breaks and in rapid succession all of the wires in the bead 
bundle will rupture. This is also the case during inflation, when tire is being 
mounted on rim, it is necessary that one area of bead be placed down in drop 
center well. This way enough tolerance is gained to slip the diametrically 
opposite areas of the bead over the outside rim flange. When bead is placed at 
the drop center well, it is inflated, so that bead reaches across rim sleeves onto 
rim flange. Drop center well are designed, so that there is less friction, but 
sometimes the coefficient of friction between bead heel and drop center becomes 
large. This prohibits the movement of bead towards flange, which is known as 
trapped bead. At this movement two forces are operating, one is high inflation 
pressure and other moment of acceleration. As bead becomes free with increase 
in inflation pressure, it moves toward the flange in an arc, due to shape of 
sidewall and internal pressure, which force it into two directions, with resultant 
force of trajectory. If the trapped bead contain bead splice, there is a high 
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probability that bead will break, while moving towards flange. Failure mode could 
also be explained from the point of view of load transmitted by cords wrapped 
around the bead. If there is 5x4 bead bundle construction, the load transformed 
by cords to the bead bundle is equal and that load would be divisible by 20 to 
determine the load per wire. But the cord around the overlap region would also 
transmit same load as other cords but it would be divisible by 25, as it is located 
around the bead overlap. The stress differential at the edge, at the beginning of 
the initial loop could be considered as a ratio of 20/25. This load differential is 
completely normal and will not yield during inflation pressure when the bead is 
mounted properly. If there is distortion while mounting and distorted part includes 
the bead splice region and the cord is also transmitting load to bead wires. Cords 
at other part of bead are still transmitting same load but the cord at overlap 
region is now transmitting load to just one wire and its overlap area. The ratio at 
the edge is not 20/25 but 1/2. This stress differential excites and causes the initial 
breakage to occur, and in rapid succession the domino breakage of each wire. 
This entire phenomenon depends upon the distortion of the bead bundle and 
final loading of a single wire.  
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          Figure: 1.16: view of tire that failed due to loose bead grommet [Andrew 4] 
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CHAPTER 4 
CABLE BEAD 
4.1 Design of cable bead: [Costello 6] 
Cable is defined in a general way to indicate any flexible tension members 
having negligible resistance to bending. They have high strength to weight ratio 
and variety of applications. As the wires are helically wound around a central 
core wire in a cable, if a bundle of wires parallel to each other is bent over a 
sheave, the bundle is bent around its neutral axis. The strands positioned outside 
are lengthened and consequently are additionally loaded, whereas the inside one 
are shortened and either partially or are completely unloaded or in extreme cases 
are compressed. During this process enormous pulling forces and tremendous 
changes of load occur within the strands. This will lead to a quick failure of the 
bundle. When a wire rope with strands is examined which is helically wound 
around a fibre core is bent around a sheave. Each strand along its length comes 
to lie alternatively on the outside bend, where it is lengthened, and on the inside 
where it is shortened. Within one same strand, bending causing lengthening 
(Pulling forces) in one place and shortening (compression forces) at another 
place. By shifting the strands from the area of compression to area of tension or 
lengthening, a large part of changes in lengths and forces caused by bending is 
reduced. The equilibrium conditions of thin wire are to be considered to 
understand how wires react under conditions of loading. [ Costello 6] 
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            Figure: 1.17-Undeformed and deformed curved thin wire [Costello 6] 
In Figure: 1.17 a thin curved wire is considered which is initially unstressed and 
has uniform cross section. Let this cross section have two axes of symmetry, the 
axes of symmetry will be the principal axes of the cross section. Consider now 
system of axes A, B, and C, where C axis is tangent to the centroidal axis at 
point P and the A and B axes are perpendicular to the C-axis and are in direction 
of the principal axes of the cross section. Let us have three infinitesimally small 
line elements a, b and c issue from P in the directions of A, B and C. Let the 
wires now be deformed, the three line elements a, b and c do not remain 
perpendicular to each other. At each point along the deformed centroidal axis of 
the thin wire, a set of x, y and z axis exists. Let the origin P’ of the frame of the x, 
y, and z axes move with a unit velocity along the deformed centroidal axis. The 
rotating frame will have an angular velocityϖ . The projections of this vector in 
the x y and z directions will be defined as the components of the curvature 
',κκ and the twist per unit lengthτ . In un-deformed wire the components of the 
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angular velocity ϖ 0  projected on A, B, and C axes will define the undeformed 
components of curvatureκ 0 ,κ '0  and twist per unit lengthτ 0 .  Let the angle that a 
tangent to the centroidal axis of the spring makes with ,  plane is 1X 2X 0α and let 
the radius of the wire helix ber .  0
                      
Figure: 1.18-Undeformed helical spring with rectangular wire cross section 
[Costello 6] 
If the origin of the A, B, and C-axes moves along the centroidal axis with a unit 
velocity as in Figure 1.18, the angular velocity of the A, B and C is 
                                  
α
ϖ π
π
0
0
0
cos
2
2
r
= k
→
= kr
→
0
0cosα                                              (12) 
Where k
→
is a unit vector in the  direction,   3X
                        00 =κ   κ '0 = r0
0
2cos α    and   
r0
00
0
cossin αατ =                      (13)  
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                             Figure: 1.19-loads acting on a thin wire [Costello 6] 
When a wire of arc length s, is loaded with forces as shown in Figure-1.19. N and 
N’ are components of the shearing force on a wire cross section in the x and y 
direction respectively. T is the axial tension in the wire; G and G’ are the 
components of the bending moment on a wire cross section in the x and y 
directions respectively; H is the twisting moment in the wire; X, Y, Z, are the 
components of the external load per unit length of the centerline of the wire in the 
x, y, and z directions. , and Κ′Κ , Θ are the components of the external moment 
per unit length of the centerline in the x, y, and z directions, κ  and κ ′ are the 
components of curvature in the x and y direction.  
                                                                              For analysis length, ds, is taken 
into account, which is of centerline of the thin wire looking down the y axis and 
the similar view looking down x axis, and applied forces in both cases where we 
see direction cosines of forces NdNdNN ′+′+ , and dTT +  in x, y and z axes.  
Summation of these forces in x, y and z directions yields: 
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0=+′+′− XTN
ds
dN κτ ; 0=++−
′
YNT
ds
Nd τκ ; 0=+′+′− ZNN
ds
dT κκ            (14) 
Now we have same elements length ds with only couples acting on them. The 
couples and GdGdGG ′+′+ , dHH +  act along x, y and z axis as do loads. 
Summations of the moments about the x, y and z axis yield: 
0=Κ+′−′+′− NHG
ds
dG κτ ; 0=Κ′+++−
′
NGH
ds
Gd τκ ; 0=Θ+′+′− κκ GG
ds
dH  
The relation between loads and deformation is given by expressions giving us 
changes in curvature and twist per unit length to the internal loads is:  
        ( )κκ
π
0
4
4
−= EG R ; ( )'0
4
'
4
' κκ
π
−= EG R ; ( ) ( ττν
π
0
4
14
−
+
=
E
H R )                (15)   
where  ν  is Poisson’s ratio for the wire material and tension T in wire =  ξπ ER2
The above equations will yield axial response of a simple straight strand 
subjected to an axial force and an axial twisting moment. Consider a simple 
straight strand consisting of  wires of radii  helically wound around a center 
wire of radius . The initial radius of helix of an outside wire is
2m 2R
1R 212 RRr += .  
Expression for minimum value of so that outside wires does not touch each 
other is    
1R
α
ππ
sin
tan
2
2
2
2
2
1
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−
+
m
R < 21 RR +                                                   (16) 
 
The initial helix angle of an outside wire is determined by: 
2
2
2 2
tan
r
p
π
α = where 
is the initial pitch of an outside wire. As we know that the components of 
curvature and the twist per unit length are: 
2p
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                         00 =κ   κ '0 = r0
0
2cos α    and   
r0
00
0
cossin αατ =                    (17) 
 These wires in the strand are deformed under the action of axial loads F, and 
axial twisting moment . The outside wires are deformed under the loading into 
new helix where:  
tM
                    κ 2      0= κ′2 =
r 2
2
2cos α    and   
r 2
22
2
cossin αατ =                    (18) 
          
                            Figure: 1.20-loads acting on helical wire [Costello 6] 
as the outside wire is not subjected to external bending moments per unit length 
that is = =0     and the axial wire tension is constant along the length of 
wire. The equations of equilibrium are [6]: 
2Κ 2Κ′ 2T
                               22222 XTN +′+′− κτ  ;    022222 =′−′+′− NHG κτ                      (19) 
 
 
                                                                                                                                       45
 
 
These equations can be regarded as determining the values of and 2X 2N ′  
required to hold an outside helical wire in equilibrium for given values of 2α , 2r , .  
Stresses generated in these initially stress free wire, for center wire is 
2T
2
1
11
R
FF
π
σ =  
Whereas the maximum shear stress on the cross section is 3
1
121
R
MM
π
σ = . The 
outside wires are subjected to axial, bending, and torsional loadings in addition to 
the shearing load . The axial stress caused by the load  is ′2N 2T 2
2
22
R
TT
π
σ =  and 
maximum normal stress due to bending moment ′2G  is 3
2
242
R
GG
π
σ ′=′ . The 
maximum shearing stress on an outside wire due to twisting moment is        2H
3
2
222
R
HH
π
σ = . If the simple straight strand bent into circle of radius, ρ  by a bending 
moment,  in this case the bending stiffness of the straight strand will be 
approximated by bending stiffness of each wire in the strand, is the total 
bending moment applied to that strand, given by  
bM
bM
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απ ARRmEM b =⎥
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22                             (20) 
Where A is the bending stiffness, of the simple strand, given by: 
                                 ⎥
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              Figure: 1.21-simple strand wrapped around a sheave [Costello 6] 
Consider a strand passing over a Sheave (in case of beads, rim can be 
considered as sheave) as the strand is generally restrained against rotation; an 
axial twisting moment is developed in the strand along with the tension and 
torsion. Equilibrium configuration of strand where the loads acting on any cross 
section are ,  and  which are the axial load, the axial twisting moment, 
and the bending moment respectively is as shown in Figure: 1.21. The loads 
F tM bM
p and are the line load per unit length and the twisting couple per unit length, 
applied to the strand by the sheave in order to maintain equilibrium of the strand, 
equations of equilibrium are
q
ρpF = ; ρqM t = . It should be noted that line load per 
unit length acting on the strand is along the centerline of the strand. The stresses 
due to bending and axial loads are additive. The radius of the groove in the 
sheave should be just large enough to provide clearance for the rope without 
pinching. The circular cross section of the rope is preserved and the stresses are 
more evenly distributed. Wire ropes are subjected to various kinds of stresses. 
There is a direct tensile stress , where T is the force in the rope and A is the AT /
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cross-sectional area. Bending stresses also occur in the wires when the rope 
(bead) is passing over a sheave (rim). From elementary mechanics we know that  
                                     
sdrEI
M 21
== ;     
I
Mc
=σ
I
Mdw
2
= ;                           (22) 
the diameter of wire is , is the diameter of the sheave, wd sd I is the moment of 
inertia of a single wire, E is the modulus of elasticity for the material. Bending 
stress after elimination of 
I
M  between the equations above is                           
s
w
d
Ed
=σ  an increase in wire size ( ) or decrease in sheave size ( ) will lead 
to increase in the stress. The pressure 
wd sd
p between rope and sheave is 
determined from Figure: 1.22 and is given by  
sr dd
Tp 2=                                    (23)          
                                                                                              
 
                             Figure: 1.22-pressure acting on rope [Andrew 4] 
The value of tensile force T in the rope is equal to sr dpd2
1 , where and  is 
the diameter of the rope and sheave respectively.                                                        
rd Sd
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CHAPTER 5 
Modeling of beads in ANSYS7.1 
To analyze the bead wires with finite element analysis, Ansys7.1 software is 
used. In this thesis we are comparing two types of beads, weft less bead design 
and cable bead design.  
5.1 Cable bead model 
 For modeling this bead, elements to be used are selected. Cable consists of a 
center wire or a core with other wires helical wound around the center core. An 
element used for bead wire in cable is BEAM4 and having the properties of high 
carbon steel. The core wire is also modeled using BEAM4, having properties of 
high carbon steel. BEAM4 is a uniaxial element with tension-compression, 
torsion and bending capabilities and has six degrees of freedom at two nodes: 
translation in the nodal x, y and z directions and rotations about the nodal x, y 
and z axes.  It also has stress stiffening and large deflection capabilities. Input 
data for BEAM4 element have real constants; include two or three nodes, the 
cross sectional area, two area moments of inertia (IZZ and IYY), two thickness 
(TKY and TKZ). Material properties include young’s modulus (EX), Poisson’s 
ratio (PRXY or NUXY) and density (DENS). Pressure is input as surface load on 
element faces 1 (I-J)(-Z normal), face 2 (I-J)(-Y normal), face 3 (I-J)(+X 
tangential), face 4 (I)(+X axial) and face 5 (J)(-X axial). Beam must not have a 
zero length or area and it can have any cross sectional shape. Contact element 
is needed to make contact of center wire with that of wires around it, and so for 
this contact element CONTAC52 is used which is a 3-D point to point contact. 
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CONTAC52 represents two surfaces which may maintain or break physical 
contact and may slide relative to each other. The element is capable of 
supporting only compression in the direction normal to the surfaces and shear in 
the tangential direction. The element has three degrees of freedom at each node: 
translations in x, y and z directions. The element is defined by two nodes, two 
stiffnesses (KS and KN), an initial gap or interference (GAP) and an initial 
element status (START). The orientation of interface is defined by node 
locations. The interface is assumed to be perpendicular to the I-J line. The 
normal stiffness KN is based on stiffness of the surfaces in contact. The sticking 
stiffness KS, represents the stiffness in tangential direction when elastic Coulomb 
friction is selected ( 0.0>µ and KEYOPT (1) =0). The coefficient of friction µ  
is input as material property MU. Stiffnesses are computed from the expected 
force divided by the maximum allowable surface displacement. KS defaults to 
KN. The initial gap defines the gap size (if positive) or the displacement 
interference (if negative). The gap size may be input as a real constant (GAP) or 
automatically calculated from the input node locations (as the distance between 
node I and node J) if KEYOPT (4) =1. Interference must be input as a real 
constant. If interface is closed and sticking, KN is used in the gap resistance and 
KS is used for sticking resistance. The element condition at the beginning of the 
first sub step is determined from the START parameter. If the interface is closed 
but sliding, KN is used in the gap resistance and the constant friction force FNµ  
is used for the sliding friction. Cable considered here consists of seven wires with 
one forming the core and six helically wrapped around the core. It is modeled in 
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toroidal local coordinate system, in which have coordinate system ( φθ ,,R ) with 
parameter r, which have a central core(0.08 inches) and other wires (0.06 
inches) are wrapped helically around the central core. The wires around the core 
are of BEAM4 element is of diameter 0.06 inches and real constant parameters 
for this are area = , IZZ= , IYY= , and two 
thicknesses (TKY=0.06 in. and TKZ=0.06 in.) and material properties of high 
carbon steel includes Young’s Modulus (EX) = 27267087 psi , Poisson’s ratio 
(NUXY) =0.3, Density (dens) =0.283 . Similarly real constant parameter 
values for CONTAC52 are normal stiffness (KN) is 1E6, initial element status 
(START) is taken as 1, whereas the sticking stiffness (KS) is taken as 1000 and 
coefficient of friction 
20028.0 in 26636.0 ine − 2627.1 ine −
3/ inlb
µ  is input as material property, MU=0, that is the condition 
for gap being initially closed and sliding. The center core of cable around which 
other wires are wrapped helically, is of BEAM4 element having real and material 
properties of high carbon steel, which have real constant parameters same as 
that of outer helically wrapped wires but having different values because of 
different diameter (0.08 in). Parametric file of cable bead modeling is being put in 
Appendix, along with the results of cable bead after being subjected to pressure 
of 300 psi. 
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                         Figure: 1.23- cable bead modeled through 180 degrees 
The cable bead is modeled as shown in Figure: 1.23. Model is constrained at 
bottom in y, z directions at both ends and in x, z directions at center on top as 
shown in Figure: 1.24. Helically wound wire around a central core is shown in 
Figure: 1.25. 
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                             Figure: 1.24: constraints applied on cable bead 
 
 
                             Figure: 1.25-helically wound wires in cable bead 
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              Figure: 1.26-deformed shape of cable bead as in mounting process   
 
                       Figure: 1.27- direct (axial) stress in cable bead for node I 
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Deformation in cable bead is shown in figure: 1.26, which is obtained after 
applying constraints and applying pressure of 300 psi in y direction throughout 
bead using GUI, by applying pressure on element face and then solving it by 
Ansys7.1 software. Direct axial stress (SDIR) in cable bead for node (I) is shown 
in Figure: 1.27 and which is obtained after creating ETABLE table, in which the 
value of LS=1 for node (I). Stresses (SDIR) for nodes (I) are fairly evenly 
distributed throughout the cable bead.  
 
 
 
                  Figure: 1.28- maximum stress (SMAX) in cable bead for node I  
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                   Figure: 1.29-maximum stress (SMAX) in cable bead for node J  
Maximum stress (SMAX) for node (I) and node (J) are as shown in Figure: 1.28 
and Figure: 1.29. These stresses are obtained through element table by using 
ETABLE command, in which the value of NMISC =1 for node (I) and NMISC =3 
for node (J). Stresses (SMAX) for both node (I) and node (J) are distributed 
evenly throughout the cable bead. 
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         Figure: 1.30-cable bead modeled through  and constraints as applied 090
 
 Figure: 1.31- deformed shape of cable bead through as in mounted condition 090
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                   Figure: 1.32- direct stresses (SDIR) in cable bead through  090
 
                 Figure: 1.33-maximum stresses (SMAX) in cable bead through   090
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The same analysis as that for bead through was carried out for cable bead 
model through . The cable bead modeled through is as shown in Figure: 
1.30. This was constrained in symmetric boundary conditions that is uy=uz=0 
and rotations in x and z equal to zero at bottom and in upper part of cable bead. 
Deformed shape of bead is shown in Figure: 1.31, same way the Figures: 1.32 
and 1.33 shows the direct and maximum stresses through bead. Figure 1.34 
shows minimum stresses in cable bead. The stresses in all cases are uniformly 
distributed through out cable bead. From this analysis of cable bead it can be 
seen that this type bead construction is of a continuous wire rope with the same 
over and under windings to prevent stress concentrations in deflections. Cable 
bead does not have the weak point (splice or under lap) of weft less bead and is 
flexible with no stress points. 
0180
090 090
 
 
           Figure: 1.34 minimum stresses (SMIN) in cable bead through  090
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5.2 Weftless bead model (0.037) 
 Weftless bead have creel type construction which consists of five strands of wire 
wound upon themselves four times, making it a 5sX4t ( 5 strands and 4 turns). 
Each wire is 0.037 inches in diameter, insulated with rubber, and then covered in 
hard rubber compound; hence a flat tape is formed containing five strands of 
wires. In this bead design modeling, PIPE16 element is used for bead wire and 
SOLID45 element is used for rubber encasing the bead wire. As PIPE16 element 
has already been explained above, the SOLID45 element, which is used for three 
dimensional modeling of solid structures. The element is defined by eight nodes 
having three degrees of freedom at each node: translations in x, y and z 
directions. The element has plasticity, creep, swelling, stress stiffening, large 
deflection, and large strain capabilities.  
   
                                      Figure: 1.35- model of weft less bead 
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                             Figure: 1.36- under lap region of weft less bead       
                       
 
                   Figure: 1.37-weftless model constrained and pressure applied 
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The weft less bead model is as shown in Figure: 1.35, and the under lap region 
of weft less bead, which is the weakest point in weft less bead as shown in 
Figure: 1.36. The model is constrained in x, z direction at the top center of bead 
and in y, z at the sides of bead. Pressure of 300 psi is applied all around the 
bead using SFA command as shown in Figure: 1.37. The change in contour of 
weft less bead as a result of applying pressure is as shown in Figure: 1.38. 
 
            Figure: 1.38- deformed shape of weft less bead as in mounting process 
Direct axial stress (SDIR) for weft less bead is analyzed as shown in Figure: 
1.39, in which the maximum stress is at the under lap or splice of weft less bead. 
This is obtained by creating ETABLE and then using SMISC value = 13 for node 
(I). Equivalent stresses in weft less bead at under lap region are seen in Figure: 
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1.40 and in Figure: 1.41, 1.42, for node (I) and (J). For node (I) and (J) are taken 
for NMISC values of 15 and 55 at circumferentially. 090
 
 
                 Figure: 1.39-direct stress (SDIR) in weft less bead for node (I) 
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     Figure: 1.40 Equivalent stresses (SEQV) at under lap region of weft less bead 
             
 
               Figure: 1.41-equivalent stresses (SEQV) in weft less bead for node (I) 
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             Figure: 1.42-equivalent stress (SEQV) in weft less bead at node (J) 
This analysis shows that the failure in weft less bead is at the under lap of splice 
region, which is the weak point in this design. Stress concentration factor  is a 
measure of degree to which an external stress is amplified at sharp regions, 
which is the underlap splice region in weftless bead. The stress from the under 
lap region to the top upper point on the bead, varies with a stress concentration 
factor of around 5. As the radius of tire bead is increased, the forces acting on 
it will be more compressive at top and tensile at bottom (under lap region). This 
finite element solution confirms well to the analytical solution [8].  
tK
tK
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5.3 Weftless bead model (0.050) 
Stresses in weftless bead can be reduced by changing bead wire diameter from 
0.037 inches to 0.050 inches. Modeling has been done in same way as for 
weftless bead model having 0.037 inches diameter wire. The deformed shape of 
weftless bead is as shown in Figure: 1.43. Stresses shown by Figure 1.44 and 
1.45 are less than that of weftless bead having 0.037 inches of bead wire. Figure 
1.46 and 1.47 shows the equivalent stresses in weftless bead. 
 
 
                      Figure: 1.43 deformed shape of bead, as in mounting process 
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                 Figure: 1.44 direct stresses SDIR (axial) in weftless bead at node (I) 
 
                Figure: 1.45 direct axial stresses (SDIR) in weftless bead at node (J) 
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        Figure: 1.46 equivalent stresses (SEQV) in weftless bead at node (I) 
 
            Figure: 1.47 equivalent stresses (SEQV) in weftless bead at node (J) 
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CHAPTER 6 
 
This section could be an appendix since it only shows that the analytical and 
ANSYS calculation methods with their various assumptions and approximations 
give similar results to within 20-25%. 
 
6.1Comparison of Analytical and ANSYS Results 
Tensions in bead are calculated by both Purdy and Buckendale’s Equation (6); 
By Purdy’s equation the tension in bead was obtained to be 2000=T lb.  
Calculations 
The stress in the bead is calculated by  
bead
bead
area
T
=σ , where area of cable bead is calculated by
4
2dπ  
Area of cable bead = 0219.0
4
)08.0(
4
)06.0(*6
22
=+
ππ
  2in
Stress in cable bead beadσ = Area
Tbead  = we take the value of tension in bead to be 
around 2000, so the stress = 2000/0.0219 = 91x  310 2/ inlb
This is comparable to value of stress x  (p. 59) in cable bead by ANSYS, 
as this value is within 20-25% of that value. 
77 310
Area of Weftless bead (0.037) is calculated to be: 
  22 121.0)041.0*45*037.0( in=+
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Stress in weftless bead (0.037) beadσ = Area
Tbead  = 2000/0.121=16 x  310 2/ inlb
This is comparable to value of stress 11x  (p. 64) in Weftless bead by 
ANSYS.  
310
Area of weftless bead (0.050) is calculated to be:  22 217.0)054.0*45*05.0( in=+
Stress in weftless bead (0.050) beadσ = Area
Tbead  = 2000/0.217 = 9216.58  2/ inlb
The amount of steel in weftless bead is calculated to be around 
2
2
0215.045
4
037.0 in=∗∗∗π .Calculated stresses for weftless bead having 
different wire diameter 0.037 and 0.050 inches, indicates about 55% decrease in 
bead stresses by using 0.050 inches wire.  
Apart from cord tensions, the loads acting on bead are functions of 
• Air Pressure. 
• Ramp (movement of bead over the rim sleeve). 
• Load in revolution of tire. 
These stresses are replaced in ANSYS by a uniform outward tension on the 
bead. The amount of steel in both Cable and Weftless bead is constant. The 
results are as shown in table. 
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6.2 RESULTS: 
LOADS WEFTLESS BEAD 
ANALYTICAL      ANSYS
CABLE BEAD 
ANALYTICAL      ANSYS
Stress in bead in 
mounted condition as 
total load in lbs. 
   2000                   1318    2000                    1706 
Stress-load in bead in 
deformation of 
mounting in per unit 
stresses  2/ inlb
  16528                 10893   91324                  77942 
 
 
This table shows that the ANSYS results are in conformance with that of 
Analytical results.  Each wire can take a load of 300 lbs, since there are 20 wires, 
so the combined load taking capacity of bead grommet comes to about 6000 lbs. 
Main stress concentration in weftless bead is at under lap splice region because 
of five cut wires in that region and has been proved by our ANSYS model of 
weftless bead. While mounting tire on to rim, there is a change in rotation of bead 
which causes distortion of bead, which leads to changes in radius of bead. Being 
sensitive to changes in radii, weftless bead bundle wires do not reinforce each 
other and as such full load is supported by few or single wire, leading to its 
failure.   Whereas in case of cable bead which does not have any splice region 
and hence no stress deflections, and this has also been proved by ANSYS 
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modeling of cable bead, the stresses are evenly distributed throughout the cable 
bead. Cable bead have same over and under winding of wires so it balance out 
the stresses throughout the bead. 
 
6.2 Summary and Discussion 
In this analysis the weft less bead design problem has been explored, in which 
the main fault is with the failure prone splice region. This has been proven by the 
finite element solution of the model of weft less bead which was analyzed by 
applying required constraints and pressure.  
• Stresses were maximum at under lap region, which decreases in upper 
bead layer of bead. Stress concentration factor varies from bottom of 5 
to top of around 2. Reason for such high stress at under lap region is that 
there are five cut wires at that point. These are checked by stresses in 
weftless bead. 
tK
• Main cause of failure of weft less bead is due to the mechanism of 
mounting the tire using this bead. Mounting mechanism alone causes 
about 80% tire bead failure as compared to other 20% failure of bead 
while the tire is in use [Andrew 4].  
•  It’s important that while mounting the tire, there should not be any 
distortion of bead wires with respect to each other, which is impossible 
due to the required distortion to mount the tire in the buttoning process. 
This is important from the point of view of uniform strength of the bead 
wire ring, uniform cord angle and cord tension in tire.  
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• When tire is mounted on rim, it’s important that one side of the bead is 
placed down in drop center well and other diametrically opposite area of 
the bead over the outside rim flange. While doing so there is distortion in 
bead bundle from normal bead hoop configuration and some bead wires in 
order to compensate for distortion cover a shorter distance than other 
wires. This leads to change in radius and rotation of bead wires.  
• Change in radius of weftless bead wire causes stretching of wires at under 
lap splice region with tensile forces at inside diameter and compressive at 
upper diameter of bead. Change in rotation of bead wires due to distortion 
of bead bundle cause load to be taken by just one or few wires of bead 
and doesn’t allow them to reinforce each other. 
• Flexural rigidity throughout the circumference of bead has to be 
maintained constant or uniform so that to protect the bead from stresses 
that are placed in it while mounting the tire. A sharp change in flexural 
rigidity in weftless bead at the lap splice is the cause of tensile failure that 
occurs consistently at the splice of tire beads. This is the reason bead 
splice failures are not seen unless the splice is in the last part of the bead 
to seat. 
• When terminating the winding of tape of parallel wires, the overlap should 
be of sufficient length. This will ensure that the shear strength of the 
rubber compound around the wires makes the strength in the vicinity of 
the overlap equal to that of assembled wires remote from the under lap. 
                                                                                                                                       73
 
 
• As in weftless bead the tape of parallel wires is cut at  and this causes 
a very highly localized zone of flexing which can be reduced by cutting the 
tape in a tapered fashion at an acute angle of to . 
090
030 060
• The resistance of bead to tensile stresses can be improved by increasing 
wire thickness from 0.037 inches to 0.050 inches, by which there is 40-
50% decrease of stresses in bead wire.  
• Cable bead consists of group of bead wires helically wound around the 
central core having same over and under windings which are in tension at 
one point and in compression at another point. This way the stresses are 
evenly distributed throughout the cable bead and no stress concentrations 
in deflections. This bead also does not have any failure prone splice 
region.  
• Cable bead is not sensitive to changes in radii as there will be no stress 
concentrations since same wire will go over and under, and compensate 
for any stresses.  
• The dimensions of the weftless bead (diameter and compactness of wire 
bundle) are critical. If the diameter of the bead is smaller due to 
manufacturing defect, the tensile forces in the bead increases and this 
increases the already high stress concentration factor. 
• Lack of standards [Andrew 4]:  the number of tires manufactured for new 
cars could exceed 50 million per year. The number of tires made and sold 
as replacement tires could be double of this figure. The total number 
created in a calendar year could approach the 100,000,000 mark. These 
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also include agriculture tires, which comes under low cost tires, 
manufactured from cheap weftless bead design. The magnitude of this 
figure provides a rough estimate of the possible number of sub-standard 
tires that are built and sold each year. Using a conservative figure of 3%, 
3,000,000 unsafe tires could be sold each year. This problem has not 
been addressed properly because of the lack of tire standards and which 
make tire designers to create tire which do not always satisfy the 
requirements of safe design. Tires should be manufactured to correct 
tolerances and dimensions. 
 
 
 
6.3 Future Work 
 
1. Manufacturing techniques for cable bead should be evolved as tire 
manufacturing companies are still using old manufacturing techniques 
with same machines. Research should be done for devising new 
machines for manufacturing cable beads with ease and reduced cost of 
production. 
2. New methods and techniques for modeling cable bead should be 
incorporated so that extent of cable bending is known while being 
constrained. When a cable bends, the extent of slip of wires which is 
absorbed by rubber is to be known.  
3. A more detail model of overlap region in Weftless bead. 
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APPENDIX 
 
Weftless bead parametric file 
/filnam,weftpipe1 
/prep 7 
et,1,pipe16 
et,2,solid45 
r,1,0.037,0.0185 
mp,ex,1,30e6 
mp,nuxy,1,0.3 
mp,dens,1,0.283 
mp,ex,2,5000 
mp,nuxy,2,0.02 
r,2,8 
csys,1 
k,1,0,0 
k,2,7.5,45 
k,3,7.5,90 
k,4,7.5,135 
k,5,7.5,180 
k,6,7.5,225 
k,7,7.5,270 
k,8,7.5,315 
k,9,7.5,360 
k,10,7.541,405 
k,11,7.541,450 
k,12,7.541,495 
k,13,7.541,540 
k,14,7.541,585 
k,15,7.541,630 
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k,16,7.541,675 
k,17,7.541,720 
k,18,7.582,765 
k,19,7.582,810 
k,20,7.582,855 
k,21,7.582,900 
k,22,7.582,945 
k,23,7.582,990 
k,24,7.582,1035 
k,25,7.582,1080 
k,26,7.623,1125 
k,27,7.623,1170 
k,28,7.623,1215 
k,29,7.623,1260 
k,30,7.623,1305 
k,31,7.623,1350 
k,32,7.623,1395 
k,33,7.623,1440 
k,34,7.664,1485 
k,35,7.664,1530 
k,36,7.664,1575 
k,37,7.664,1620 
k,38,7.664,1665 
k,39,7.664,1710 
k,40,7.664,1755 
k,41,7.664,1800 
k,42,7.705,1845 
k,43,7.705,1890 
k,44,7.705,1935 
l,2,3 
l,3,4 
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l,4,5 
l,5,6 
l,6,7 
l,7,8 
l,8,9 
l,9,10 
l,10,11 
l,11,12 
l,12,13 
l,13,14 
l,14,15 
l,15,16 
l,16,17 
l,17,18 
l,18,19 
l,19,20 
l,20,21 
l,21,22 
l,22,23 
l,23,24 
l,24,25 
l,25,26 
l,26,27 
l,27,28 
l,28,29 
l,29,30 
l,30,31 
l,31,32 
l,32,33 
l,33,34 
l,34,35 
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l,35,36 
l,36,37 
l,37,38 
l,38,39 
l,39,40 
l,40,41 
l,41,42 
l,42,43 
l,43,44 
lgen,5,all,,1,,0,0.041,,1,0 
l,42,85 
l,85,128 
l,128,171 
l,171,214 
l,34,77 
l,77,120 
l,120,163 
l,163,206 
l,26,69 
l,69,112 
l,112,155 
l,155,198 
l,18,61 
l,61,104 
l,104,147 
l,147,190 
l,10,53 
l,53,96 
l,96,139 
l,139,182 
l,2,45 
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l,45,88 
l,88,131 
l,131,174 
l,43,86 
l,86,129 
l,129,172 
l,172,215 
l,35,78 
l,78,121 
l,121,164 
l,164,207 
l,27,70 
l,70,113 
l,113,156 
l,156,199 
l,19,62 
l,62,105 
l,105,148 
l,148,191 
l,11,54 
l,54,97 
l,97,140 
l,140,183 
l,3,46 
l,46,89 
l,89,132 
l,132,175 
l,44,87 
l,87,130 
l,130,173 
l,173,216 
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l,36,79 
l,79,122 
l,122,165 
l,165,208 
l,28,71 
l,71,114 
l,114,157 
l,157,200 
l,20,63 
l,63,106 
l,106,149 
l,149,192 
l,12,55 
l,55,98 
l,98,141 
l,141,184 
l,4,47 
l,47,90 
l,90,133 
l,133,176 
l,37,80 
l,80,123 
l,123,166 
l,166,209 
l,29,72 
l,72,115 
l,115,158 
l,158,201 
l,21,64 
l,64,107 
l,107,150 
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l,150,193 
l,13,56 
l,56,99 
l,99,142 
l,142,185 
l,5,48 
l,48,91 
l,91,134 
l,134,177 
l,38,81 
l,81,124 
l,124,167 
l,167,210 
l,30,73 
l,73,116 
l,116,159 
l,159,202 
l,22,65 
l,65,108 
l,108,151 
l,151,194 
l,14,57 
l,57,100 
l,100,143 
l,143,186 
l,6,49 
l,49,92 
l,92,135 
l,135,178 
l,39,82 
l,82,125 
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l,125,168 
l,168,211 
l,31,74 
l,74,117 
l,117,160 
l,160,203 
l,23,66 
l,66,109 
l,109,152 
l,152,195 
l,15,58 
l,58,101 
l,101,144 
l,144,187 
l,7,50 
l,50,93 
l,93,136 
l,136,179 
l,40,83 
l,83,126 
l,126,169 
l,169,212 
l,32,75 
l,75,118 
l,118,161 
l,161,204 
l,24,67 
l,67,110 
l,110,153 
l,153,196 
l,16,59 
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l,59,102 
l,102,145 
l,145,188 
l,8,51 
l,51,94 
l,94,137 
l,137,180 
l,41,84 
l,84,127 
l,127,170 
l,170,213 
l,33,76 
l,76,119 
l,119,162 
l,162,205 
l,25,68 
l,68,111 
l,111,154 
l,154,197 
l,17,60 
l,60,103 
l,103,146 
l,146,189 
l,9,52 
l,52,95 
l,95,138 
l,138,181 
 
v,43,44,87,86,35,36,79,78 
v,86,87,130,129,78,79,122,121 
v,129,130,173,172,121,122,165,164 
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v,172,173,216,215,164,165,208,207 
v,35,36,79,78,27,28,71,70 
v,78,79,122,121,70,71,114,113 
v,121,122,165,164,113,114,157,156 
v,164,165,208,207,156,157,200,199 
v,27,28,71,70,19,20,63,62 
v,70,71,114,113,62,63,106,105 
v,113,114,157,156,105,106,149,148 
v,156,157,200,199,148,149,192,191 
v,19,20,63,62,11,12,55,54 
v,62,63,106,105,54,55,98,97 
v,105,106,149,148,97,98,141,140 
v,148,149,192,191,140,141,184,183 
v,11,12,55,54,3,4,47,46 
v,54,55,98,97,46,47,90,89 
v,97,98,141,140,89,90,133,132 
v,140,141,184,183,132,133,176,175 
v,42,43,86,85,34,35,78,77 
v,85,86,129,128,77,78,121,120 
v,128,129,172,171,120,121,164,163 
v,171,172,215,214,163,164,207,206 
v,34,35,78,77,26,27,70,69 
v,77,78,121,120,69,70,113,112 
v,120,121,164,163,112,113,156,155 
v,163,164,207,206,155,156,199,198 
v,26,27,70,69,18,19,62,61 
v,69,70,113,112,61,62,105,104 
v,112,113,156,155,104,105,148,147 
v,155,156,199,198,147,148,191,190 
v,18,19,62,61,10,11,54,53 
v,61,62,105,104,53,54,97,96 
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v,104,105,148,147,96,97,140,139 
v,147,148,191,190,139,140,183,182 
v,10,11,54,53,2,3,46,45 
v,53,54,97,96,45,46,89,88 
v,96,97,140,139,88,89,132,131 
v,139,140,183,182,131,132,175,174 
 
v,41,42,85,84,33,34,77,76 
v,84,85,128,127,76,77,120,119 
v,127,128,171,170,119,120,163,162 
v,170,171,214,213,162,163,206,205 
v,33,34,77,76,25,26,69,68 
v,76,77,120,119,68,69,112,111 
v,119,120,163,162,111,112,155,154 
v,162,163,206,205,154,155,198,197 
v,25,26,69,68,17,18,61,60 
v,68,69,112,111,60,61,104,103 
v,111,112,155,154,103,104,147,146 
v,154,155,198,197,146,147,190,189 
v,17,18,61,60,9,10,53,52 
v,60,61,104,103,52,53,96,95 
v,103,104,147,146,95,96,139,138 
v,146,147,190,189,138,139,182,181 
v,212,213,170,169,204,205,162,161 
v,169,170,127,126,161,162,119,118 
v,126,127,84,83,118,119,76,75 
v,83,84,41,40,75,76,33,32 
v,204,205,162,161,196,197,154,153 
v,161,162,119,118,153,154,111,110 
v,118,119,76,75,110,111,68,67 
v,75,76,33,32,67,68,25,24 
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v,196,197,154,153,188,189,146,145 
v,153,154,111,110,145,146,103,102 
v,110,111,68,67,102,103,60,59 
v,67,68,25,24,59,60,17,16 
v,188,189,146,145,180,181,138,137 
v,145,146,103,102,137,138,95,94 
v,102,103,60,59,94,95,52,51 
v,59,60,17,16,51,52,9,8 
v,211,212,169,168,203,204,161,160 
v,168,169,126,125,160,161,118,117 
v,125,126,83,82,117,118,75,74 
v,82,83,40,39,74,75,32,31 
v,203,204,161,160,195,196,153,152 
v,160,161,118,117,152,153,110,109 
v,117,118,75,74,109,110,67,66 
v,74,75,32,31,66,67,24,23 
v,195,196,153,152,187,188,145,144 
v,152,153,110,109,144,145,102,101 
v,109,110,67,66,101,102,59,58 
v,66,67,24,23,58,59,16,15 
v,187,188,145,144,179,180,137,136 
v,144,145,102,101,136,137,94,93 
v,101,102,59,58,93,94,51,50 
v,58,59,16,15,50,51,8,7 
v,210,211,168,167,202,203,160,159 
v,167,168,125,124,159,160,117,116 
v,124,125,82,81,116,117,74,73 
v,81,82,39,38,73,74,31,30 
v,202,203,160,159,194,195,152,151 
v,159,160,117,116,151,152,109,108 
v,116,117,74,73,108,109,66,65 
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v,73,74,31,30,65,66,23,22 
v,194,195,152,151,186,187,144,143 
v,151,152,109,108,143,144,101,100 
v,108,109,66,65,100,101,58,57 
v,65,66,23,22,57,58,15,14 
v,186,187,144,143,178,179,136,135 
v,143,144,101,100,135,136,93,92 
v,100,101,58,57,92,93,50,49 
v,57,58,15,14,49,50,7,6 
v,209,210,167,166,201,202,159,158 
v,166,167,124,123,158,159,116,115 
v,123,124,81,80,115,116,73,72 
v,80,81,38,37,72,73,30,29 
v,201,202,159,158,193,194,151,150 
v,158,159,116,115,150,151,108,107 
v,115,116,73,72,107,108,65,64 
v,72,73,30,29,64,65,22,21 
v,193,194,151,150,185,186,143,142 
v,150,151,108,107,142,143,100,99 
v,107,108,65,64,99,100,57,56 
v,64,65,22,21,56,57,14,13 
v,185,186,143,142,177,178,135,134 
v,142,143,100,99,134,135,92,91 
v,99,100,57,56,91,92,49,48 
v,56,57,14,13,48,49,6,5 
v,37,36,79,80,29,28,71,72 
v,80,79,122,123,72,71,114,115 
v,123,122,165,166,115,114,157,158 
v,166,165,208,209,158,157,200,201 
v,29,28,71,72,21,20,63,64 
v,72,71,114,115,64,63,106,107 
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v,115,114,157,158,107,106,149,150 
v,158,157,200,201,150,149,192,193 
v,21,20,63,64,13,12,55,56 
v,64,63,106,107,56,55,98,99 
v,107,106,149,150,99,98,141,142 
v,150,149,192,193,142,141,184,185 
v,13,12,55,56,5,4,47,48 
v,56,55,98,99,48,47,90,91 
v,99,98,141,142,91,90,133,134 
v,142,141,184,185,134,133,176,177 
LESIZE,ALL 
!ESIZE,,RDIV 
ESIZE,2 
et,1,16 
lmesh,all 
et,2,45 
vmesh,all 
sfa,89,1,pres,300 
sfa,85,1,pres,300 
sfa,81,1,pres,300 
sfa,77,1,pres,300 
sfa,149,1,pres,300 
sfa,152,1,pres,300 
sfa,155,1,pres,300 
sfa,158,1,pres,300 
sfa,205,1,pres,300 
sfa,208,1,pres,300 
sfa,211,1,pres,300 
sfa,214,1,pres,300 
sfa,270,1,pres,300 
sfa,267,1,pres,300 
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sfa,264,1,pres,300 
sfa,261,1,pres,300 
sfa,326,1,pres,300 
sfa,323,1,pres,300 
sfa,320,1,pres,300 
sfa,317,1,pres,300 
sfa,382,1,pres,300 
sfa,379,1,pres,300 
sfa,376,1,pres,300 
sfa,373,1,pres,300 
sfa,429,1,pres,300 
sfa,432,1,pres,300 
sfa,435,1,pres,300 
sfa,438,1,pres,300 
sfa,478,1,pres,300 
sfa,476,1,pres,300 
sfa,474,1,pres,300 
sfa,472,1,pres,300 
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Cable bead parametric file 
/filnam,karamtoropipe221 
/prep7 
et,1,beam4 
et,2,contac52 
 
r,1,0.06,0.03 
r,1,0.0028,0.636e-6,1.27e-6,0.06,0.06 
r,2,1e6,,1,1000  
r,3,0.08,0.04 
r,3,0.00502,2.010e-6,4.02e-6,0.08,0.08 
 
mp,ex,1,27267087 
mp,nuxy,1,0.3 
mp,dens,1,0.283 
 
mp,mu,2,0 
 
keyopt,1,9,0 
 
local,11,3,,,,,,,5 
n,1,0,0,0 
n,2,0.072,0,-270 
n,3,0.072,0,-210 
n,4,0.072,0,-150 
n,5,0.072,0,-90 
n,6,0.072,0,-30 
n,7,0.072,0,30 
 
ngen,45,10,1,7,1,0,2,30 
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